Atomic scale visualization of topological spin textures in the chiral
  magnet MnGe by Repicky, Jacob et al.
1 
 
Atomic scale visualization of topological spin textures in the chiral 
magnet MnGe 
 
Jacob Repicky1, Po-Kuan Wu1, Tao Liu1,2, Joseph Corbett1, Tiancong Zhu1, Adam Ahmed1, N. 
Takeuchi3, J. Guerrero-Sanchez3, Mohit Randeria1, Roland Kawakami1, and Jay A. Gupta1 
1Department of Physics, The Ohio State University, Columbus, OH 43210, United States 
2 University of Electronic Science and Technology of China, Chengdu 610054, China 
3 Centro de Nanociencias y Nanotecnologia, Universidad Nacional Autónoma de México, 
Apartado Postal 14, Ensenada Baja California, Código Postal 22800, Mexico  
 
Abstract 
Spin polarized scanning tunneling microscopy is used to directly image topological magnetic 
textures in thin films of MnGe, and to correlate the magnetism with structure probed at the atomic-scale. 
Our images indicate helical stripe domains, each characterized by a single wavevector Q, and their 
associated helimagnetic domain walls, in contrast to the ‘3Q’ magnetic state seen in the bulk. Combining 
our surface measurements with micromagnetic modeling, we deduce the three-dimensional orientation of 
the helical wavevectors and gain detailed understanding of the structure of individual domain walls and 
their intersections. We find that three helical domains meet in two distinct ways to produce either a ‘target-
like’ or a ‘-like’ topological spin texture, and correlate these with local strain on the surface. We further 
show that the target-like texture can be reversibly manipulated through either current/voltage pulsing or 
applied magnetic field, a promising step toward future applications.  
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Recent interest in topological spin textures in chiral magnets spans the range from fundamental 
science, such as Berry phase-induced Hall effects, to potential device applications including magnetic 
racetrack memories and neuromorphic computing (1–8). Spin textures such as helices and skyrmions result 
from competing magnetic interactions. In many cases of interest, the competition is between ferromagnetic 
exchange, favoring aligned spins, and the Dzyaloshinskii-Moriya interaction (DMI), which favors 
perpendicular spins, and which arises from spin-orbit coupling in the presence of broken inversion 
symmetry (9). The non-centrosymmetric ‘B20’ crystal structure of interest here breaks bulk inversion 
symmetry, and magnetic skyrmions were first discovered in B20 MnSi (9) and FeGe (10). In these 
materials, the magnetic phase diagram and its evolution from bulk crystals to thin films is now well 
understood. Within the B20 family, MnGe is an intriguing outlier (11), with a helical pitch length of 2.8 
nm that is more than an order of magnitude smaller than other B20 crystals (12), and whose bulk phase 
diagram shows unusual “hedgehog-antihedgehog’ crystals, for reasons that are not well understood (13–
15).  
We use spin-polarized scanning tunneling microscopy (SP-STM) to probe the magnetism on the 
surface of MnGe thin films with atomic resolution. SP-STM is uniquely suited to probe the rich physics of 
nanoscale spin textures in real space, and provides microscopic insights that complement those obtained 
from ensemble techniques that may average over different chiral domains (16). Our SP-STM images of 
80 nm thick MnGe(111) films reveal a variety of topological spin textures depending on the local nanoscale 
structure. In atomically flat regions of the film, we find stripe-like contrast distinct from that expected for 
a 3Q hedgehog lattice. The observed stripes with a 6 nm pitch can be understood as the surface projection 
of a 1Q helical phase, where Q is tilted with respect to the surface normal (17). In addition, we observed 
domain walls (DWs) between stripe domains and topological textures arising from intersecting DWs. We 
can understand these textures in detail using micromagnetic modeling that builds on recent advances in the 
theory of helimagnetic DWs (18). Specifically, we understand the rounding or sharpening of the helical 
stripes near DWs, and predict that there are only two characteristic ways in which three DWs can meet – 
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the “target texture” and the “-texture”. Both of these textures are observed in the experiments and are 
correlated with local strain and curvature in the film. The target texture can be reversibly cycled through 
several distinct states by current/voltage pulsing and applied magnetic field.  
 Figures 1a-b show atomically-resolved topographic images of the MnGe(111) surface. These 
images are consistent with the B20 structure of MnGe, which features alternating Mn and Ge layers with 
atoms arranged in triangular lattices of single atoms or trimers (c.f., Supporting Information). The unit cell 
comprises three ‘quadruple layer’ (QL) repeats, and the relative stacking order and orientation of these 
Fig. 1  Atomic resolution SP-STM imaging of spin helices in MnGe. (A) Topographic image of the MnGe(111) surface 
(-0.17 V, 0.54 nA). The helical magnetic texture is imaged as modulation in the atomic corrugation. (B) Zoomed view 
of the outlined area in (A). Bright or dark lattice spots are observed depending on the relative alignment between 
tip and surface spins. In this area, the surface projection of the helical wave vector q is rotated from the atomic lattice 
vector by an angle 𝜙 ≈ 14𝑜. (C) Line profile taken at the blue line in (A) along nearest neighbor atoms on the surface 
showing the helical periodicity of 5.96 nm. The dotted line is a guide to the eye. (D) FFT image of the area in (A). 
Arrows indicate satellite peaks due to the surface projected q. (E) Inverse FFT image produced by passing only the 
atomic lattice and satellite peaks in (D), allowing an unobstructed view of the stripe pattern and its effect on the 
atomic corrugation. (F) Schematic side view of the three-dimensional helical texture showing the relation between 
Q, q and the real-space modulations.  
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layers determines the structural and magnetic chiralities (19, 20). The surface lattice constant from these 
images is 0.67 ± 0.01 nm, within experimental uncertainty of the expected bulk value for a (111) surface 
(0.678 nm). A low density of point defects on the surface are imaged with bright and dark contrast, but do 
not significantly affect the magnetic textures reported here.  
In addition to the topographic information, Figures 1a-b also show a subtle (~ 5 pm) periodic 
modulation of the atomic corrugation reflecting the surface magnetic texture picked up by the SP-STM tip. 
This modulation is evident in Fig. 1b as alternating stripes of bright and dark triangular lattices, and in the 
topographic linecut shown in Fig. 1c. To better isolate the stripe pattern from the topography in Fig. 1a, we 
performed a Fast Fourier Transform (FFT) as shown in Fig. 1d. In addition to the primary hexagonal spot 
pattern associated with the MnGe atomic lattice, there are satellite spots corresponding to scattering vectors 
of ± q, rotated by  ~14° with respect to the lattice. An inverse FFT image of the area, computed with only 
the atomic lattice and satellite spots, clearly resolves the stripe pattern while removing obscuration from 
the point defects (Fig. 1e). In bulk MnGe crystals, a 3D hedgehog lattice was observed with Lorentz TEM 
(12), which would yield a 2D lattice projected onto the surface, in contrast to the observed stripe pattern 
here (see Supporting Information). Furthermore, from the FFT analysis we measure a stripe period of 5.96 
nm, which is considerably larger than the helical pitch length for bulk MnGe (2.8 nm).  
This stripe pattern is consistent with a 1Q helical state in these MnGe thin films, in contrast to the 
3Q state observed in bulk crystals. A priori, one could explain the stripe contrast with helices anchored to 
the surface plane as reported for FeGe (18), but this is contradicted by the larger observed pitch length. 
Prior neutron scattering studies in MnGe thin films indicate that the magnitude of Q =2.2 nm-1 is unchanged 
from the bulk value (17), and we expect that any additional surface-specific effects, such as reduced 
exchange or surface DMI, would lead to an even smaller pitch length, in contrast to the observation. Instead, 
we consider the tilting of Q toward the film normal [111] direction by a polar angle 𝜃 which was invoked 
in the neutron studies (17). While a helix is described by a director 𝑄 = ±𝑸, for simplicity we will use a 
wave vector Q and choose a positive projection along the surface normal ?̂? = (111). We define the surface 
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wave vector q as the projection of Q in the plane of the surface (i.e., q = Q sin), so that the polar tilt angle 
can be related to the observed real-space periodicity by 𝜃 = 𝑠𝑖𝑛−1 (
2𝜋
𝑄∙5.96𝑛𝑚
) = 28.6°, compared to the 
bulk angle of 54.7° with Q’s along (100). Our estimated  is roughly consistent with the neutron studies, 
where a linearly decreasing tilt angle with decreasing film thickness down to 160 nm was attributed to 
strain-dependent magnetic anisotropy (17).  
To directly probe the sensitivity of the spin helices to strain in real-space, we imaged regions of the 
film where small curvature is indicative of inhomogeneous strain. For example, in a different microscopic 
region of the sample shown in Figure 2a, three terraces were observed, separated in height by 1QL steps in 
the layered MnGe structure. Focusing on the middle terrace, topography line profiles show small (< 0.1%) 
but significant bowing and curvature of the surface along the horizontal direction (blue profile in Fig. 2b). 
We note that these images are atomically-resolved and the lattice spacing does not show any significant 
variation, but our experimental uncertainty (~ 0.5%) is larger than the 0.1% height variation shown in the 
image.  
To examine the stripe patterns over larger distances in such areas, we simultaneously mapped the 
dI/dV signal which relates to the spin-dependent density of states. Figure 2c shows one such spatial map 
where faint magnetic contrast reveals stripes along different directions and more complicated patterns. 
During repeated imaging of this area, we observed a complete reversal in magnetic contrast associated with 
an inversion of the tip’s spin polarization (Fig. 2d). Because the stripes appear with uniform contrast 
regardless of stripe direction, we infer that the tip spin polarization is perpendicular to the plane in both 
images. To confirm these stripes as magnetic in origin, we compute a difference image in Fig. 2e, as 
topographic or electronic contributions to the STM image would not invert under otherwise identical 
tunneling conditions. Instead of the straight stripes observed in Fig. 1, the stripe pattern in this area reveals 
intersections, bowing and terminations. We attribute these spin textures to local variations in the orientation 
of Q. For example, the observed stripe periodicity in Fig. 2e varies in the range of 6-10 nm depending on 
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position, corresponding to respective variations 28° > 𝜃 > 17° in the polar angle of Q. The stripe curvature 
and intersection points however, indicate helical domains with distinct azimuthal angles of Q. 
 To understand these features, we use a phenomenological model that builds on recent advances in 
the theory of topological domain walls in helimagnets (18) and uses inputs from neutron data (17) to 
constrain the magnetic anisotropy and hence the orientations of the helical wavevectors (see Supporting 
Information for more discussion). The structure of a domain wall between two helical regions depends 
primarily on the angle 𝜃12 between their wavevectors Q1 and Q2. Three fundamental types of helical domain 
walls have been reported recently in MFM imaging of B20 FeGe (18). For 𝜃12 ≲ 85°, one finds ‘type I’ 
walls, which are smooth, free of disclination defects or phase mismatch. We find that for the parameters 
Fig. 2  Spectroscopic imaging of helical domains in a bowed region of the surface. (A) Topographic image of a 
bowed region of the surface containing three atomic terraces (0.17 V, 1.0 nA). (B) Line profile taken along the x 
(y) direction at the red (blue) line in (A). (C)-(D) Subsequent dI/dV images of the same region as in (A) (0.17 V, 
1.0 nA). The contrast of the helical texture is subtly visible and inverts upon reversal of the tip magnetization 
vector, which is represented by the symbol in the top right. (E) Difference image (C-D) clearly showing a variety 
of helical textures. Dotted lines indicate regions in Fig. 3. 
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relevant for our MnGe films, the type I domains walls are energetically preferred. Our micromagnetic 
modeling finds a distortion of the helices near the domain wall depending on whether the Q1,2 vectors are 
oriented toward or away from the domain wall plane. We performed micromagnetic modeling of such a 
domain wall, as shown in Figs. 3a,c, and find two surface projections, depending on whether the Q1,2 vectors 
are oriented toward or away from the intersection domain wall plane. For Q’s oriented toward the wall, the 
intersection plane is characterized by series of sharp, nested vertices along the domain wall (Fig. 3a). In 
contrast, for Q’s oriented away from the wall, the domain wall is characterized by a nesting of more gradual, 
curved helices (Fig. 3c). In both cases, the surface projections q1, q2 make an in-plane angle 12 = 120° 
independent of  (see Figs. 3a,c). The difference between these projections reflects rounding of the helical 
stripes in proximity to the domain wall and the surface.  
In good agreement with our modeling, Figure 3 shows higher magnification SP-STM images of 
both projections of type I domain walls, extracted from regions in Fig. 2e. The domain wall in Fig. 3c shows 
the nested, sharp vertex-like structure expected from Fig. 3a. By considering the three dimensional nature 
of Qi, we can extract the angle 12  geometrically using Figs. 3a,c:  
 cos 𝜃12 =
𝑄1⋅𝑄2
|𝑄1||𝑄2|
= sin 𝜃1 sin 𝜃2 cos 𝜙12 + cos 𝜃1 cos 𝜃2.   
Fig. 3  Comparison of model and observed helical 
domain walls (A) Micromagnetic model of a domain 
wall where Q1,Q2 are separated by an angle 12 and 
point toward the intersection plane. The surface 
projection shows a nesting of sharp vertices. (B) SPSTM 
image of this domain wall, with surface q’s denoted by 
the arrows. (C) Micromagnetic model of a domain wall 
where Q1,Q2 point away from the intersection plane, 
resulting in a nesting of more rounded helices. (D) 
SPSTM image of this domain wall, with surface q’s 
denoted by the arrows. (B,D) are higher magnification 
views from the image in Fig. 2E.  
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Here 𝜃1 = 26°, 𝜃2 = 19° are the polar angles calculated in each domain from the period of the stripes, and 
12 = 113° is estimated as the angle between the stripe patterns on either side of the domain wall. (The 
simplest model that ignores surface effects predicts a 120° angle, as noted above).  This then gives an angle 
𝜃12 = 37° between Q1  and Q2 in this region, which is within the established regime for a type I domain 
wall (18). The SP-STM image in Fig. 3d shows the other surface projection of a type I domain wall, 
characterized by a nesting of rounded helical stripes, and can be analyzed in a similar way to give 𝜃12 =
30°, also within the type I regime.  
 More complex magnetic textures can be found at the intersections of domain walls. Our modeling 
shows that the intersection of two domain walls must necessarily involve at least one that is of type II or 
type III, which are energetically unfavorable. We find however, that three type I domain walls can meet 
along an axis perpendicular to the surface and lead to two distinct spin textures depending on the 
orientations of the Qi’s. The spin texture in Fig. 4a results when all three Q’s are oriented toward or away 
from the intersection axis, and exhibits a core region that is wrapped with closed helical loops. These 
textures closely resemble topological defects known as ‘target’ states or 2-disclination defects (21, 22). 
The second ‘’ texture, results from the arrangement of Qi as shown in Fig. 4b. As discussed in the 
Supplementary Information, both of these textures have nonzero topological charge density, concentrated 
in the vicinity of the domain walls, which oscillates in sign as one moves outward from the core of texture.  
In the absence of a well-defined boundary, however, neither the target nor the -texture have a quantized 
topological charge. Our modeling also shows that the core of the target texture consists of a string of 
alternating hedgehogs and anti-hedgehogs that lies perpendicular to the surface. 
Experimentally, we found both the target and  textures in a region of the film where there was 
nanoscale curvature in two dimensions. Figure 4c shows the conjunction of three type I walls to form the 
target texture, with closed helical loops wrapping around a central ~ 10 nm core. The isometric topographic 
image (Fig. 4e) and topographic linecuts (Fig. 4f) of this area indicate that the core is localized to the region 
of convex curvature to within a few nm in both the horizontal and vertical directions. Figure 4d shows the 
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 texture in an adjacent region spanning two terraces separated by an atomic step across the middle. The 
local curvature in this region is slightly concave, and connects adjoining regions with target textures and 
convex curvature. Typically a handful of wrappings are observed around such textures before the pattern 
merges into a neighboring texture (see supporting information).  
Applications of magnetic Skyrmions rely on the ability to manipulate these spin textures, which 
has been demonstrated with stimuli including STM pulsing (23), shaped current pulse densities (24) and 
optical excitation (25). We find the target texture can be similarly manipulated by local current/voltage 
pulses. Figures 5a-d show a sequence of SP-STM images where current/voltage pulses were applied to the 
core region using the STM tip. The initial state of the target texture in Fig. 5a has a bright core and several 
surrounding closed loops. After imaging, the STM tip was positioned over the core and a short (0.5 s) 
current/voltage pulse was applied. In addition to a shift of the core region by ~ 5 nm, we find a disclination 
Fig. 4  Modeling and observation of target and 𝝅 
textures (A) Micromagnetic model of the target spin 
texture, with arrows indicating surface q’s pointing 
away from the intersection axis. This results in rounded 
triangular rings wrapping a central core. (B) Model of 
the 𝜋 texture where two q-vectors point inward toward 
each other and the third points away, resulting in two 
rounded domain walls meeting a sharp domain wall. (C)  
SP-STM image of the target texture (-0.31 V, 0.22 nA). 
(D) SP-STM image of a 𝜋 texture (-0.31 V, 0.20 nA) 
(E) Three-dimensional view of the area hosting the 
target texture showing curvature of the surface. 
Topographic information is shown along the z-axis and 
the color scale is a dI/dV overlay from the image shown 
in (C). (F) Line profiles taken along the x (blue) and y 
(red) directions to show in more detail the curvature of 
the surface in this area.  
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defect (branch point) appeared in the subsequent SP-STM image (red circle in Fig. 5b), which represents a 
discrete change in the topological charge density within this region. Subsequent pulsing shifted the 
disclination defect closer to the core, which itself changes from bright to dark contrast (Fig. 5c). A final 
cycle of pulsing annihilated the disclination defect, and further shifted the core (Fig. 5d). The polarity and 
topology of this state are identical to the starting state (Fig. 5a), indicating that the system has been 
reversibly manipulated through a landscape of metastable states.  
We also observed hysteretic behavior of the target texture with applied out-of-plane magnetic field, 
as shown by the sequence of SP-STM images in Fig. 5e. Focusing now on the core region, image (5) in Fig. 
5e at +1T shows dark contrast, compared to the immediately preceding image #4, Fig. 5d. Ramping the 
Fig. 5  STM tip and magnetic field manipulation of a target texture (A)-(D) SP-STM images of the target spin 
texture in different configurations. Between each image, current/voltage pulses are applied with the STM tip (~ 
2.0 V, 0.5 sec, 𝐼 ≲ 1 𝜇𝐴 due to 300 pm approach). White dotted lines are guides to the eye showing wrapping 
around the core region. The red circle indicates a disclination defect which is generated, moved and then 
annihilated. The blue dot represents the same atomically-registered fixed point in the images, showing motion 
of the core.  (E) SP-STM images showing the magnetic field dependence of the texture. Image 5 is taken after 
image 4 with a +1T out of plane magnetic field, and shows reversed contrast. Subsequent imaging (6-8) was 
performed in the indicated loop, with a clear hysteresis effect evident upon comparison of images 6 and 8. All 
images are taken with (-0.3 V, 0.2 nA) 
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field down to 0T (#6) shows a slight expansion of the wrapping and increased dark contrast of the core 
region. The core and wrapping contrast inverts when the field is ramped to -1T (#7), and this inverted 
contrast is maintained with only slight changes in wrapping and intensity when the field is ramped back 
down to 0T (#8). Importantly, images #6 and #8 (both taken at 0T) are identical except for the inverted 
magnetic contrast indicating a clear hysteresis effect, and image #8 and #4 show identical magnetic and 
topographic contrast, indicating that the tip’s atomic termination and spin polarization was maintained 
throughout the series (c.f., Supporting information for more detailed comparisons). The reversible 
manipulation of these structures with applied current and magnetic field is a promising first step toward 
future applications. 
In summary, we have directly demonstrated that the magnetic textures in the unusual helimagnet 
MnGe are sensitive to local strain and surface effects, which accentuates the distinction between thin film 
and bulk materials. Micromagnetic modeling predicts a variety of topological domain wall structures 
depending on the orientation of the helical wavevectors, and these are confirmed experimentally through 
our SP-STM imaging. The core of the target texture consists of a string of alternating hedgehog and anti-
hedgehog singularities, and it will be interesting to probe the connection of these features with the 3Q 
hedgehog lattice phase to better understand the evolution of MnGe magnetism from thin film to bulk. 
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Methods (further details available in supplement) 
MBE growth: A series of 10-500 nm thick MnGe(111) films were grown via molecular beam epitaxy on 
(P-doped, n-type) Si(111) substrates (26, 27), which were treated with a buffered HF solution to remove 
the native oxide layer and H-terminate the surface. The freshly prepared Si(111) substrates were moved 
immediately into the UHV growth chamber to prevent re-oxidation, and annealed at ~800 °C until the 7x7 
RHEED pattern characteristic of clean Si(111) emerged. The growth, which was monitored in real time 
using a 10 keV reflection high energy electron diffraction system (RHEED), was then started with a FeGe 
buffer layer after the Si substrate cooled down to 340 °C  and followed by MnGe film at 300 °C . Both the 
FeGe buffer and MnGe film were grown using co-deposition from flux matched thermal effusion Fe, Mn 
and Ge cells. Shortly after growth, the MnGe films were transferred in-vacuo to a Ferrovac UHV suitcase 
with a base pressure of ~1.0 x10-9 mbar and then to the SP-STM system. 
SP-STM measurements: MnGe thin films were imaged without further surface preparation using a 
CreaTec low temperature (5 K) STM system equipped with a ±1 T, 2-axis vector magnet which allows for 
in-plane and out-of-plane magnetic fields. The SP-STM tips were etched from square bars of polycrystalline 
Cr, and cleaned by Ar+ ion bombardment at a near coaxial angle. Tunneling spectra and spectral maps were 
obtained by adding a 20-50 mV modulation voltage at 1063 Hz to the DC bias and measuring the resultant 
change in current, dI/dV, using a lock-in amplifier. Image processing and analysis were performed using 
WxSM and SPIP.  
Modeling and micromagnetic simulations: Our results are based on a simple phenomenological model, 
that builds on the recent theory of domain walls (DWs) in helimagnets (18) and uses inputs from MnGe 
neutron data (17) to constrain the magnetic anisotropy. We use a lattice model with energy 
ℋ =  − ∑ 𝐽 𝒎𝑖 ∙  𝒎𝑗
⟨𝑖,𝑗⟩
+ ∑ 𝐷 ?̂?𝑖𝑗 ∙ (𝒎𝑖 × 𝒎𝑗)
⟨𝑖,𝑗⟩
−  𝐾 ∑ 𝑚𝑖,𝑧
2
𝑗
 
where mi is a unit vector and  ⟨𝑖, 𝑗⟩ represent the nearest-neighbor bonds between sites i and j.  Here 𝐽 is the 
exchange coupling, 𝐷 is the bulk DMI in a B20 material, and 𝐾 is the anisotropy, with the z-axis chosen 
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along (111). We place the spins on a BCC lattice which introduces an implicit higher order anisotropy term 
favoring the alignment of helical Q vectors along [100] directions, when K=0. The value of K is chosen to 
move the orientation of the Q’s toward (111). The simulations we show are for 𝐽 = 1.0, 𝐷/𝐽 = 0.628 and 
𝐾𝐽/𝐷2 = − 0.14. To understand the structure of domain walls (DWs) and their intersections, we chose 
initial configurations with specific textures, and relaxed the energy. To compare with SP-STM data, we 
look at the surface manifestation of textures whose energetics is governed by ℋ. 
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Materials and Methods 
MBE growth: A series of 10-500 nm thick MnGe(111) films were grown via molecular beam 
epitaxy on (P-doped, n-type) Si(111) substrates (26, 27), which were treated with a buffered HF 
solution to remove the native oxide layer and H-terminate the surface. The freshly prepared Si(111) 
substrates were moved immediately into the UHV growth chamber to prevent re-oxidation, and 
annealed at ~800 °C until the 7x7 RHEED pattern characteristic of clean Si(111) emerged. The 
growth, which was monitored in real time using a 10 keV reflection high energy electron 
diffraction system (RHEED), was then started with a FeGe buffer layer after the Si substrate cooled 
down to 340 °C  and followed by MnGe film at 300 °C . Both the FeGe buffer and MnGe film 
were grown using co-deposition from flux matched thermal effusion Fe, Mn and Ge cells. Shortly 
after growth, the MnGe films were transferred in-vacuo to a Ferrovac UHV suitcase with a base 
pressure of ~1.0 x10-9 mbar and then to the SP-STM system. 
SP-STM measurements: MnGe thin films were imaged without further surface preparation using 
a CreaTec low temperature (5 K) STM system equipped with a ±1 T, 2-axis vector magnet which 
allows for in-plane and out-of-plane magnetic fields. The SP-STM tips were etched from square 
bars of polycrystalline Cr, and cleaned by Ar+ ion bombardment at a near coaxial angle. Tunneling 
spectra and spectral maps were obtained by adding a 20-50 mV modulation voltage at 1063 Hz to 
the DC bias and measuring the resultant change in current, dI/dV, using a lock-in amplifier. Image 
processing and analysis were performed using WxSM and SPIP.  
Modeling and micromagnetic simulations: Our results are based on a simple 
phenomenological model, that builds on the recent theory of domain walls (DWs) in helimagnets 
(18) and uses inputs from MnGe neutron data (17) to constrain the magnetic anisotropy. We use 
a lattice model with energy 
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ℋ = − ∑ 𝐽 𝒎𝑖 ∙  𝒎𝑗
⟨𝑖,𝑗⟩
+ ∑ 𝐷 ?̂?𝑖𝑗 ∙ (𝒎𝑖 × 𝒎𝑗)
⟨𝑖,𝑗⟩
−  𝐾 ∑ 𝑚𝑖,𝑧
2
𝑗
 
where mi is a unit vector and  ⟨𝑖, 𝑗⟩ represent the nearest-neighbor bonds between sites i and j.  
Here 𝐽 is the exchange coupling, 𝐷 is the bulk DMI in a B20 material, and 𝐾 is the anisotropy, 
with the z-axis chosen along (111). We place the spins on a BCC lattice which introduces an 
implicit higher order anisotropy term favoring the alignment of helical Q vectors along [100] 
directions, when K=0. The value of K is chosen to move the orientation of the Q’s toward (111). 
The simulations we show are for 𝐽 = 1.0, 𝐷/𝐽 = 0.628 and 𝐾𝐽/𝐷2 = − 0.14. To understand the 
structure of domain walls (DWs) and their intersections, we chose initial configurations with 
specific textures, and relaxed the energy. To compare with SP-STM data, we look at the surface 
manifestation of textures whose energetics is governed by ℋ. 
 
Supplementary Text 
Theoretical modeling and micromagnetic simulations 
In this Supplement we describe the theoretical modeling of SP-STM data on the surface of a MnGe 
thin film grown by MBE on Si(111). We show that we can build on the recently developed theory 
of domain walls in helimagnets (18, 28) to obtain a consistent and detailed description of the SP-
STM data. Our most important results are as follows. 
(1) We show that the 2D wave vectors of the stripe domains probed by SP-STM are the surface 
projections of the 3D Q's that are consistent with neutron scattering (17) data on MnGe thin films. 
(2) We show that the domain walls (DWs) between helical domains are smooth, i.e., free of 
disclinations or phase mismatch. The two domains on either side of a DW are characterized by 2D 
(in-plane) wavevectors with 120∘ angles between them. 
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(3) The only energetically favorable DW configurations involve either a single DW or three DWs. 
A single DW leads to a “vee”-like pattern of helices on the surface (see Fig. 5), which can be either 
sharp or rounded, depending on the orientation of the 3D Q's with respect to the sample surface. 
(4) The intersection of three DWs can occur in two district ways: a target-like texture (see Fig. 
7(c)) or a π-texture (Fig. 7(c)), both of which have been seen by SP-STM. Both these textures have 
a non-zero topological charge density, which oscillates in space, and thus they do not have a well-
defined total topological charge. 
(5) The core of the target-texture has a string of hedgehogs and anti-hedgehogs in the direction 
perpendicular to the surface.  
Let us begin by noting that the “3Q hedgehog/anti-hedgehog crystal” seen in bulk MnGe samples 
by Lorentz TEM (12), and consistent with topological Hall data (11), is quite different from the 
helical and skyrmion crystal phases seen in all other B20 materials. The theoretical understanding 
of why a 3Q hedgehog crystal is stabilized in bulk MnGe is not well established.  
For our purposes here, it is sufficient to note that if we assume that the H = 0 ground state in (111) 
MnGe thin films is a 3Q hedgehog crystal, then SP-STM should see the “triangular lattice” spin 
textures plotted in Fig. 1. (The three panels correspond to different choices of the angles that the 
three Q’s make with the surface normal). It is evident, however, that our SP-STM data on the (111) 
surface is qualitatively inconsistent with such a state. 
We will show that all of our SP-STM data can be understood in terms of helical domains and their 
domain walls (DWs), rather than the 3Q state, as described in detail below. The structure of DWs 
in helimagnets, which has been elucidated only very recently (18), is much more complex than in 
simple ferromagnets. This stems from the non-trivial topology of the order parameter space 
SO(3)/Z𝟚 of an isotropic helimagnet (28) since a helix is described by a director 𝑄 rather than a 
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vector. Our analysis below builds on recent advances in the theory of topological DWs in 
helimagnets (18, 28).  
Let us define our notation at the outset. We often find it simpler to describe a helix by a 3D wave 
vector Q rather than a director. Its magnitude is given by 2𝜋 over the helical pitch. However, we 
must pick a convention for its direction since 𝑄 = ±𝑸 describe the same helix. We choose a 
convention where Q has positive projection along the surface normal ?̂? = (111). This is 
permissible because all Q’s of interest in our system will turn out to have a non-zero component 
along ?̂?, as we show next. We will use lower case q, which lies in the sample surface, to denote 
the 2D projection of the 3D wave vector Q onto the surface; see Fig. 2.  
The SP-STM rule out the possibility of the helical 𝑄’s lying in the plane of the surface. First, there 
is a quantitative problem if the 𝑄’s were to lie on the surface. The surface helical period ≃
10 nm seen by SP-STM is larger than the bulk period  ≃ 3nm seen by neutron scattering (17). The 
surface could have an effectively reduced exchange 𝐽 or an enhanced DMI 𝐷 (due to interface 
DMI in addition to the bulk DMI in the B20 material), but both these effects would lead to a 
decrease in the helical period 2π𝐽/𝐷 relative to the bulk, just the opposite of what is observed. 
Second, assuming in-plane 𝑄’s for MnGe leads to a qualitative failure in accounting for the 
structure of the DWs. SP-STM sees that the in-plane directors of the domains on either side of a 
DW make an angle of 120∘. The theory of helimagnetic DWs (18) unambiguously predicts that, 
for such 𝑄’s lying entirely in-plane, the stable DW with the lowest energy should be a “zig-zag” 
wall with an array of π-disclinations, as discussed in detail below. This is totally inconsistent with 
DWs seen by SP-STM in MnGe. 
We show that both these problems are resolved when one considers helical domains with 𝑸’s that 
have a substantial component along ?̂? = (111). We have independent information about the 𝐐’s 
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from neutron scattering experiments of Kanazawa et al. (17) which show six peaks at ±𝑸𝒊 (i = 
1,2,3) each of which is tilted at an angle θ with respect to the surface normal ?̂?. The neutron data 
(17) shows that the angle θ is a decreasing function of the sample thickness and, linearly 
extrapolating to our film thickness of 80 nm, we estimate 𝜃 ≃ 15∘ ± 5∘. On the other hand, we 
can also estimate 𝜃 using sin 𝜃 = 𝑞/𝑄, where Q is the magnitude of the 3D wave vector obtained 
from neutrons and 2/q is the average pitch of a stripe domain measured by SP-STM. Using 𝑄 ≃
2.2 nm−1 seen by neutron data (independent of thickness over a broad range 735 nm down to 160 
nm), and 2/q = 5.96 nm as measured by SP-STM, we find 𝜃 = 28.6∘. We note that SP-STM 
finds a range of q-values at different locations on the surface, and this leads to a corresponding 
range of estimates of 𝜃 ≃ 17∘ − 29∘. We thus find rough consistency between these 𝜃 estimates, 
which is reasonable considering that this angle is highly sensitive to the magnetic anisotropy in 
the thin film, and that our film thickness of 80 nm is a factor of 2 smaller than the thinnest samples 
measured by neutrons.  
The Q-vectors we are using to model our thin film data in terms of single-Q helical domains, would 
also lead to six spots ±𝑸𝒊 (i = 1,2,3) in a neutron experiment, and could not be distinguished in a 
simple way from the scattering intensity arising from a 3Q structure, which occurs in bulk single 
crystals. As already emphasized, our real space imaging shows that we indeed have single-Q 
helical domains in our 80 nm thin film. 
In the next section we summarize the micromagnetic modeling of helical domains. We then turn 
to the surface manifestation of DWs between helical states with 3D wavevectors ±𝑸𝒊 (i = 1,2,3) 
and compare it with our SP-STM data in detail starting in Section II. 
 
I. Micromagnetic modeling of helical state of MnGe 
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 Our goal is to see how far we can use from bulk energetic considerations to explain the 
structure and stability of helical domains and their DWs seen on the surface. Toward this end, we 
describe the spin textures in MnGe using the energy density  
ℋ = 𝐽(∇𝑴)2 + 𝐷𝑴 ⋅ (∇ × 𝑴) − 𝐾(𝑴 ⋅ ?̂?)2 + 𝑉4(𝑴) + 𝑊6(𝑴)
 (1)
with |M(r)| = 1. The first term in eq. (1) describes ferromagnetic exchange of strength J and the 
second term is the Dzyaloshinskii-Moriya interaction (DMI) in a B20 crystal with strength D. The 
third term describes the uniaxial anisotropy and we choose ?̂? to be the surface normal ?̂? = (111). 
V and W are 4th and 6th order anisotropy terms (respectively) that will be described below. We have 
set the external field H = 0. 
 The symmetry-allowed anisotropy terms in eq. (1) are chosen to stabilize the observed 
helical textures. From neutron scattering data (17) we see that, as the sample thickness decreases, 
the directors of the helices move away from the crystalline axes (100) and toward the surface 
normal (111). In other words, the angle 𝜃 between ?̂?𝑖 and the surface normal ?̂? (see Fig. 2) 
decreases with film thickness. There is, in addition, a small rotation of the directors about (111) 
that we will also comment on. 
To understand the neutron observations, we include a weak magneto-crystalline anisotropy term 
𝑉4(𝑴) =  𝑽(𝑀𝑋
4 + 𝑀𝑌
4 + 𝑀𝑍
4)  
Here we find it useful to introduce coordinates ?̂? = (100), ?̂? = (010) and ?̂? = (001) along the 
crystalline cubic axes. The corresponding components of the magnetization are written as 𝑴 =
(𝑀𝑿, 𝑀𝒀, 𝑀𝒁). Note that upper case ?̂? = (001) is distinct from the lower case ?̂? = (111) used for 
the surface normal. 
The uniaxial anisotropy 𝐾 is negligible in the bulk, and choosing 𝑉 <  0 the lowest energy spin 
configurations correspond to helices with wave-vectors 𝑸1, 𝑸2, and 𝑸3 along ?̂? = (100), ?̂? =
  
8 
 
(010) and ?̂? = (001). This corresponds to θ = tan−1(√2) = 54.7∘ in the bulk limit. With 
decreasing film thickness, the data imply an increasing easy-plane anisotropy |𝐾| with 𝐾 <  0. 
This leads to the three 𝑸i's tilting toward the surface normal ẑ = (111) as the film thickness 
decreases, and thus a decrease in 𝜃. We note that the in-plane projections 𝒒i's always make 120
∘ 
angles with each other independent of 𝜃 (see Fig. 2), which will play an important role below. 
By minimizing the energy of helix as a function of its direction, we find that Q moves from (100) 
towards the (111) with increasing |𝐾|, but then  𝜃 jumps discontinuously from 15∘ to 0∘ at 
|𝐾/𝑉4| ≃ 1.18. We note in passing that such a transition is consistent with previous mean field 
calculations (29) for MnSi, although their argument was based on an energy written as a function 
of 𝑄 rather than an anisotropy energy written in terms of 𝑴. 
We always work in a regime where 𝜃 ≃ 28.6∘ as appropriate for our experiments. For our 
numerical micromagnetic simulations, we found it convenient to mimic the effect of a weak 
magneto-crystalline anisotropy by simply placing our spins on a BCC grid, and then varied the 
uniaxial anisotropy 𝐾 to obtain the desired 𝜃. (See Section VII for details on simulations). 
Following ref. (29), symmetry permits a sixth-order anisotropy term which causes a rotation of 
𝑄𝑖′s about ẑ = (111) by an angle 𝜙. This 𝑊6 anisotropy is necessary to account for the non-zero 
𝜙 observed in both the neutron scattering (17) experiments as well as in our SP-STM images, 
where we see 𝜙 ≃ 14∘; see Fig. 1B of the main text. However, this term has little influence on for 
the important properties of the helical domains and their DWs that we are focusing on (other than 
the non-zero 𝜙). Therefore, to keep things simple, we choose to omit it in the subsequent 
discussion and in our numerical simulations.  
We end this section by noting some differences between the helical phases in MnGe and FeGe. 
The 3 nm helical pitch in MnGe implies a much larger 𝐷/𝐽 compared to FeGe, which has a 70 nm 
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pitch. Their anisotropies also seem to be very different, since in FeGe the helical directors lie in 
the plane of the surface (18), while in MnGe they are at a non-zero angle 𝜃 to the surface normal. 
These differences will play a crucial role in understanding the differences between the textures 
seen on the surfaces of FeGe by MFM (17) and of MnGe by SP-STM (in this paper). 
 
II. Domain walls in MnGe  
In this Section we first summarize the results of Schoenherr et al. (18), since our analysis builds 
on these results. We then show how the three dimensional 𝑸-vectors, consistent with neutron data 
(17), help us understand the surface textures observed by SP-STM 
 Consider a DW between two helical domains with directors 𝑄𝑖 = ±𝑸𝑖 and 𝑄𝑗 = ±𝑸𝑗. By 
choosing the convention that 𝑸𝑖 ⋅ 𝑸𝑗 ≥ 0, the angle between the directors can be described in 
terms of 𝜃𝑖𝑗
− = ∠𝑸𝑖𝑸𝑗 and 𝜃𝑖𝑗
+ = ∠𝑸𝑖(−𝑸𝑗) = 180
∘ − 𝜃𝑖𝑗
−, with 𝜃𝑖𝑗
− ≤ 90∘ ≤ 𝜃𝑖𝑗
+. When there is 
no ambiguity, we simply call this angle 𝜃12 to simplify notation. We use 𝛼 to denote the angle 
between a director and a domain wall; see Fig. 3(b).  
Based on MFM experiments on FeGe and micromagnetic simulations Schoenherr et al. (18) found 
that stable DWs in helimagnets come in three types (I, II, III), depending on the angle 𝜃12 between 
𝑸1 and 𝑸2 characterizing the two domains on either side of the DW. (We see from Fig. 3(b) that 
for type-I DWs 𝜃𝑖𝑗 = 𝜃𝑖𝑗
−, while for Type-III DWs 𝜃𝑖𝑗 = 𝜃𝑖𝑗
+). 
In Fig. 3 (a) and (b) we summarize of the main results of ref. (18). Panel (a) shows the DW, 
characterized by the angle 𝛼, which is the minimum energy configuration for a given value of 𝜃12. 
In panel (b) we show the three types of DWs: their helical stripes, Q vectors, 𝜃12 and 𝛼. 
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Type I DWs are stable (18) for 𝜃12 ≲ 85
∘. They are characterized by the angle 𝛼 = 𝜃12/2 between 
the domain wall and either wave vector. Thus a Type I DW lies along the bisector of the two wave 
vector. 
Type II DWs are stable for 85∘ ≲ 𝜃12 ≲ 140
∘. This DW has a “zig-zag” shape and is composed 
of a series of ±𝜋 disclinations (28). The angle 𝛼 ≃ 90∘ due to the tendency that DW tends to be 
parallel to the stripes of one domain. We also note that for 𝜃12 ≃ 85
∘ or 𝜃12 ≃ 140
∘ a special type 
II DW is found that does not have a zig-zag shape, and the DW is simply parallel to the stripes of 
one domain as shown in Fig 6(d).  
Type III DWs are stable for θ12 ≳ 140
∘. Here too 𝛼 = 𝜃12/2 and the DW lies along the bisector 
of two the wave vectors, like the Type I case. There is, however, either a π-phase shift between 
the helices in the two domains or a small distortion at the DW, unlike the Type I case where the 
helices are phase-matched and smooth across the DW. 
We note that, for both type I and type III DWs, the DW must lie along the bisector of the two Q 
vectors since the magnitude of projection of wave vectors 𝑸1 and 𝑸2 on the DW should be the 
same. If the DW were not to be the bisector of 𝑸1 and ±𝑸2, the changing phase shift across the 
DW would be energetically highly unfavorable (18). 
Now we apply these results to understand the SP-STM data on MnGe. It is clear that the DWs 
observed by SP-STM (see, e.g., Fig. 3c) are qualitatively inconsistent with the assumption of 𝑸-
vectors lying in the plane of the sample surface. These DWs are oriented along the bisector of the 
2D wave-vectors of two phase-matched helical domains. This seems like a Type I DW, but such a 
DW cannot be stable for in-plane wave-vectors that make an angle of 120∘. For in-plane 𝑸-vectors 
at 120∘, the theory unambiguously predicts a Type II DW, in contradiction with what is not 
observed. 
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Next, we consider 3D 𝑸-vectors, consistent with neutron scattering (17), and show how these help 
us understand the surface textures observed by SP-STM. We write 𝑸1 = (𝑞1𝑥, 𝑞1𝑦, |𝑞1|/ tan 𝜃) 
and 𝑸𝟐 = (𝑞2𝑥, 𝑞2𝑦, |𝑞2|/ tan 𝜃) with |𝑄1| = |𝑄2|. Note that each 𝑸𝑖 makes an angle 𝜃 with 
respect to the surface normal (111) that 𝒒𝒊 = (𝑞𝑖𝑥, 𝑞𝑖𝑦) are the 2D are the 2D projections; see Fig. 
2.  
Consider the type-I DW, the angle between the 3D wavevectors 𝜃12 = 𝜃12
− = ∠𝑸1𝑸2 is given in 
terms of 𝜃 = ∠𝑸𝑖?̂? and the angle 𝜙12 = ∠𝒒1𝒒2 = 120
∘ by the expression 
 
cos 𝜃12 =
𝑸1 ⋅ 𝑸2
|𝑄1|2
=
|𝑞1||𝑞2|/ tan
2 𝜃 + |𝑞1||𝑞2| cos 𝜙12
|𝑞1|2/ sin2 𝜃
= cos2 𝜃 −
1
2
sin2 𝜃 . (2) 
 
Using 𝜃 = 28.6∘ we find that 𝜃12 = 49.5
∘, for which Type I DWs are stable in the bulk as 
explained above. On the (111) surface of MnGe, this DW will look smooth and phase-matched 
like a Type I DW but with an angle between 𝜙12 = ∠𝒒1𝒒2 = 120
∘ between the 2D wave-vectors 
on the surface, exactly as seen by SP-STM. We will discuss in Section III below some details of 
the distortions that occur near DWs. 
We next use Eq. (2) to get a deeper understanding of the DWs in MnGe. In Fig. 4, we plot 𝜃12 
(blue curve) as a function of the tilt-angle θ. We find that 𝜃12 ≈ √3𝜃  is a good approximation to 
the solution of Eq. (2) over the entire range 0 < 𝜃 < 54.7∘ of interest. 
We must remember that a helix described by a director Q⃡ . When considering type I DW, we 
discussed the case 𝜃12 = 𝜃12
− , but 𝜃12 = 𝜃12
+ = 180∘ − 𝜃12
−  is also a solution, as can be seen by 
changing the sign of either one the 𝑸1, 𝑸2 in Eq. (2). This second solution is plotted as the orange 
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curve in Fig. 4. Using the results shown in Fig. 3(a), we mark in Fig 4 the regimes where Type I, 
II and III DWs are stabilized. 
For the range of 𝜃 values of interest (𝜃 ≃ 17 −  29∘) for our MnGe thin films, the 𝜃12
−  solution 
(blue curve in Fig. 4) leads to a Type I DW, while the 𝜃12
+  solution (orange curve) can lead to type 
II and type III. (For further discussion of Type II and III DWs see Fig. 6 and associated text below). 
We emphasize that Type I DWs, which are smooth and free of disclinations or phase mismatch, 
are greatly favored energetically over Type II and Type III DWs; see Fig. 3 of ref. (18). This is 
clearly consistent with the fact that essentially all the DWs seen by SP-STM in MnGe are type I 
DWs.  
 
III. Distortions near type I domain walls 
In the SP-STM experiments we find that the helices become slightly distorted near Type I DWs, 
some of which look “rounded and smooth” (see Fig. 5(a)), while others are “sharp” (Fig. 5(b)). 
From our simulation we found that this behavior can be understood in terms of the minimum 
energy configuration depending on how the two 𝑸-vectors defining the DW splay with respect to 
the surface and the DW. 
Recall that we defined our 𝑸-vectors such that 𝑄𝑧 > 0, where ?̂? = (111) is the surface normal. 
We find that if 𝑸𝟏 and 𝑸𝟐 point away from the DW, the DW is rounded. In contrast, if 𝑸𝟏 and 𝑸𝟐 
point towards the DW, the DW is sharp. These two cases are shown in Fig 5(a) and (b) respectively.  
The cross-sectional view of the spin textures near the DW shown is Fig. 5(c) is instructive. Note 
that the DW lies in a plane perpendicular to the figure. We see two interesting effects: the rounding 
of the helical stripes as they approach the DW in the bulk of the film, and the distortions of the 
stripes close to the surface. Both of these effects are connected to the different appearance of the 
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type I DW on the surface depending on how the 𝑸-vectors splay. We should note that in the 
simplest phenomenological model we are analyzing, we have not taken into account any surface 
energy contributions. 
 
IV. Intersection of domain walls 
In this section we analyze states with intersecting DWs in our system. Our main conclusions are 
that: (i) the intersection between two DWs is energetically costly, and (ii) three DWs can intersect 
in only two ways, either the “target” structure or the 𝜋-texture (see Fig. 7(c)), both of which are 
observed in our SP-STM experiments. 
Without loss of generality, we can discuss intersecting DWs that arise from domains with 𝑸-
vectors are along the directions 
 
{
 
 
 
 
𝑸1 = (sin 𝜃 ,  0,   cos 𝜃)
𝑸2 = (−
1
2
sin 𝜃 ,  
√3
2
sin 𝜃 ,   cos 𝜃)
𝑸3 = (−
1
2
sin 𝜃 ,   −
√3
2
sin 𝜃 ,   cos 𝜃) .
(3) 
 
Note that these each (normalized) Q is tilted at an angle 𝜃 to the surface normal (111), chosen as 
the z-axis, and the in-plane projections of these Q vectors make 120∘ angles with each other.  
We focus primarily on Type I DWs, which must lie along the bisector of 𝑸i and 𝑸j (see Fig. 2). 
We see from eq. (3) that the DW normal defined by ?̂?𝑖𝑗 = ?̂?𝑖 − ?̂?𝑗 (see Fig. 3) has no z-
component. Thus we see that the type I DW must be perpendicular to the sample surface (which 
is the xy-plane). 
Flipping sign of a wave-vector to −𝑸𝑖, leads to the second solution 𝜃ij
+ discussed above,  
  
14 
 
and leads to a Type III DW for 𝜃 ≲ 23∘ and to a Type II DW for larger 𝜃′𝑠. We investigate this 
further, even though we discarded it earlier based on energetic considerations. Such a DW has a 
normal vector ?̂?′i𝑗 = ?̂?𝑖 + ?̂?𝑗. Unlike the normal ?̂?ij to a Type I DW, the Type III or Type II 
normal ?̂?′i𝑗 has large z-component (Type II DW is parallel to the strip of helices, so the angle 
between ?̂?′i𝑗 and z-axis is also 𝜃), so these domain walls are not perpendicular to the sample 
surface (xy-plane).  
 
Textures with two domain walls  
We now look at the intersection of two DWs. If we assume that one DW is of Type I (lowest 
energy), then the other DW must necessarily be of Type II or Type III, as seen from see Fig. 6 
(a,b,c,d). The detailed structure of such two DW intersections is quite complex. It is, however, 
worth pointing a simple fact about type II and III DWs. The planes defined by these DWs in 3D 
are not perpendicular to the thin film surface, in contrast the type I DW that is always in a plane 
perpendicular to the surface. Type II and Type III DWs are energetically costly and they have 
never been seen in our SP-STM data. Thus we do not discuss the intersection of two DWs further. 
 
Textures with three domain walls 
We next argue that the intersection of three domain walls leads to either the “target texture” or the 
“𝜋-texture” shown in Fig 7(c). Both are seen in experiments. 
Recapping the discussion above: only Type I DWs exist in our system, and the normal vector to 
such a DW 𝒏𝑖𝑗 = ?̂?𝑖 − ?̂?𝑗 lies in the xy-plane (as is easy to see from Eq. 3). Thus on the surface 
the DW lies along the vector 𝒗𝑖𝑗 ⊥ 𝒏𝒊𝒋, where the 𝒗𝒊𝒋’s also lie in the xy-plane; see Fig 7(a). These 
constraints make the projection of the texture to the xy-plane easier to visualize. 
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Now the three (projected) 𝒒𝒊's are at 120
∘ to each other, and so are the three DW 𝒗𝑖𝑗 's, given that 
the Type I DW must be a bisector of the domain wave-vectors. This means that configurations 
such as the ones shown in Fig 7(b) are disallowed. Thus the textures shown in Fig 7(c) are the only 
two allowed configurations with three intersecting DWs. A simple way to understand why there 
are only two distinct ways in which three domains meet is to note that that there are only two 
distinct cyclic permutations of three wavevectors. The target texture, shown at the top of panel (c), 
is highlighted in the main text (see Fig. 4c of the paper). The 𝜋-texture shown at the bottom of 
panel (c) is also seen in the SP-STM data (see Fig 8). 
 
V. Topological charge density and core of target and -textures 
We show in Fig 9 (a,b) that the topological charge density in the target and  textures is  
concentrated near each of the three DWs, which are also the regions where the helical stripes bend 
the most. Each “vertex” of the “triangular” target texture harbors a ± 1/3  topological charge, so 
that each “ring” has a charge ± 1, with the signs alternating as one moves from outward from the 
core. The situation with the 𝜋 texture is very similar, with the topological charge concenttrated at 
the intersection of the three DWs with the helical stripes. As a result of the oscillation in sign as 
one moves outward from the core, there is no fixed total charge – or skyrmion number – for an 
isolated texture, i.e., one for which there no length-scale at which it terminates. 
This situation is similar to the “circular target texture”, or 2𝜋-disclination (28), considered in the 
supplementary material of ref. (18). Here the topological charge density 𝜌(𝑟) oscillates in sign as 
a function of r, but is uniformly spread over 2 angle with a 1/𝑟 decay, so that it is normalized on 
a ring. Here too the total topological charge ∫ 𝑑𝜙 ∫ 𝑑𝑟
𝑅
0
𝑟 𝜌(𝑟) is ill-defined since it depends on 
the cutoff 𝑅.  
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We conclude this section by discussing the core of the target and  textures. From the cross-
sectional view shown in Fig. 10, we see that the core of the target texture consists of a string of 
hedgehogs and antihedgehogs along the along the ?̂? = (111) axis. This core structure is 
reminiscent of (or a is a 1D analog of) the 3Q configuration seen in bulk single crystals. 
However, we find the core of the 𝜋 texture does not show these singularities. 
 
VI. Simulation details  
To simulate the magnetic system, we use a magnetic lattice model with unit vectors 𝒎. To simulate 
a model described in Eq. (1), there are exchange interaction, bulk DMI and easy-plane anisotropy. 
In the bulk limit where K=0 the helical wave-vectors are along (100), (010), (001). Instead of 
adding the 𝑉4 term in eq. (1) we introduce this tendency by using a body center cubic lattice (see 
Fig. 11), where this anisotropy arises implicitly from the lattice when the helical pitch length is 
not much larger than lattice spacing. Our model is  
 
ℋ = ∑ 𝐽𝒎𝑖 ∙  𝒎𝑗
⟨𝑖,𝑗⟩
+ ∑ 𝐷 𝒓𝑖𝑗 ∙ (𝒎𝑖 × 𝒎𝑗)
⟨𝑖,𝑗⟩
− 𝐾 ∑ 𝑚𝑖,𝑧
2
𝑗
 
 
where ⟨𝑖, 𝑗⟩ represent the nearest-neighbor bonds between 𝑖, 𝑗, 𝐽 is the exchange coupling, 𝐷 is the 
bulk DMI, 𝐻 and 𝐾 are field and anisotropy respectively. As mentioned above, the lattice is body-
center-cubic to introduce an implicit anisotropy. The z-axis in the simulation is the (111) direction 
of bcc lattice, so the terms 𝐽 and 𝐷 act on nearest-neighbor on the bcc lattice (Fig. 11). Also, we 
did the simulation on thin film along the (111) direction. Since we want to mainly focus on the 
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domain walls and helical configurations in our simulation, the 𝜙 shifting of 𝑄 is not considered 
here. Therefore, the six-order anisotropy term is not included. 
The simulations we show are for 𝐽 = 1.0, 𝐷/𝐽 = 0.628 and 𝐾𝐽/𝐷2 = − 0.14. The value of K is 
chosen to match q , i.e., to move the orientation of the Q’s toward (111). To understand the 
structure of domain walls (DWs) and their intersections, we chose initial configurations with 
specific textures, and relaxed the energy. Our phenomenological model and simulation method 
allow us to observe the stability, geometry and distortion of DWs and their intersections. To 
compare with SP-STM data, we look at the surface manifestation of textures whose energetics is 
governed by ℋ. 
 
Structural characterization of MnGe thin films 
The B20 structure of MnGe is comprised of alternating layers of Mn and Ge monomers and trimers 
with a specific stacking order and orientation as shown in Figure 12a-b. Along the (111) direction, 
the unit cell contains three repeats of the stacking sequence referred to as “quadruple layers” (QLs). 
A priori, there are sixteen unique surfaces possible, considering the four possible surface 
terminating layers (Mn-sparse, Ge-sparse, Mn-dense, and Ge-dense), two crystal chiralities, and 
two stacking sequences. The STM image in Fig. 12c-d was taken from the same area shown in 
Fig. 4 of the main text. Following the procedure for comparing experimental STM images and 
simulated images from density functional theory (DFT) we developed for B20 FeGe (19) , we 
assign the bright spots in Fig. 12c to a Mn-sparse layer (Fig. 12d). Fainter contrast between these 
lattice points is attributed to the next underlying layer, assigned to a Ge-dense layer.  
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Figure 13 shows larger-scale characterization by atomic force microscopy (AFM), STM and x-ray 
diffraction (XRD). The film surface is primarily atomically smooth with terraces connected by 
atomic-scale steps and small voids (~ few nm deep).  
 
Spin dependent density of states 
To better understand the relationship between the stripe contrast and the spin-dependent density 
of states at the surface, spectroscopy was performed at points where the tip’s magnetization was 
aligned with the sample’s or anti-aligned (dark). These points are labeled with spots in the 
difference STM image. Both spectra overlap in the region of low bias (+/- 20mV) and begin to 
deviate at higher positive and negative bias. This difference in intensity is due to the contribution 
of the local spin polarization to the tunneling conductance, and underlies the spin-dependent 
contrast in the spatial dI/dV images.  
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Fig. S1. 
Spin textures on the (111) surface of a sample whose bulk is a 3Q hedgehog crystal. Here 𝜽 is 
the angle between each of the three ?̂?𝒊 vectors and (111) the surface normal. The left panel 𝜽 =
𝟓𝟒. 𝟕𝒐 corresponds to the three ?̂?𝒊’s along (100), while decreasing 𝜽 brings them closer to (111). 
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Fig. S2. 
Domain wall between helical domains with wave-vectors 𝑸1 and 𝑸2.  Note the relation between 
the 3D wavevector 𝑸𝑖 and its 2D projection 𝒒𝑖. Also shown is the angle 𝜃 between each ?̂?𝑖 and 
the surface normal ?̂? = (111), the angle 𝜃12 between 𝑸1 and 𝑸2, and the normal vector ?̂?12 to 
domain wall. 
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Fig. S3. 
(a) Summary of the results of ref. (28), showing the region of stability of different types of DWs 
and the relation between 𝜃12 (angle between Q1 and Q2) and 𝛼 (angle between Q1 and the DW). 
(b) Illustrations of the three types of DWs showing Q1, Q2, helical stripes, and the angles 𝜃12 and 
𝛼. Both Qi’s lie in the plane of the figure. (c) SP-STM data shows a type-I DW with an angle 
∠𝒒𝟏𝒒𝟐 ≃ 120
∘ between the in-plane projection of helical wave vectors. 
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Fig. S4. 
Solutions of eq. (2) for the angle 𝜃𝑖𝑗 as a function of 𝜃 (see text and Fig. 2 for definitions of these 
angles). 
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Fig. S5. 
(a) When the 3D wave vectors Q1 and Q2 point away from the DW, one observes rounding of the 
helical stripes at the DW on the surface. (b) When Q1 and Q2 point toward the DW, one observes 
a sharpening at the DW on the surface. (c) Cross-sectional view for the helices and DW. The 
distortion near the surface reveals the surface effect.   
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Fig. S6. 
Intersection of two domain walls. (a) shows the position of type I and type III DWs from a view 
along 𝑸𝟏 × 𝑸𝟐. (b) shows the position of type I and type III DWs from the top view along (111). 
(c) shows the position of type I and type III DWs from a 3D view.along 𝑸𝟏 × 𝑸𝟐. (d) shows the 
position of type I and type III DWs from a view.along (111). Here we assume the case that type 
II and type III DWs exist in the system. The illustration (c) and (d) shows the special case of type 
II DWs for convenience, but the relation between 𝑸’s domains and DWs are the same for the 
zig-zag kind of type II DWs. 
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Fig. S7. 
(a) shows the allowed directions of DWs for domains 𝑸1, 𝑸2 and 𝑸3. (b) shows two examples of 
intersection which are not allowed since the type I DW should be bisectors even for the view 
from top. (c) shows the only two allowed types of intersection in our system for type I DWs. 
They are related to different permutations of domains about the intersections. 
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Fig. S8. 
𝜋-texture intersection seen by SP-STM on MnGe.  
  
  
27 
 
Fig. S9. 
(a) Target texture and (b) 𝜋 texture (upper panels) with their topological charge density (lower 
panels) which is concentrated at the DWs. Except at the core, there is an alternating topological 
charge with magnitude 1/3 at the intersection of the DW with the stripes. 
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Fig. S10. 
Cross-sectional view of target texture showing a chain of hedgehogs and anti-hedgehogs along 
the ?̂? = (111) axis in the core of the texture.  
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Fig. S11. 
The bcc lattice used for our micromagnetic simulations. The interactions act on the nearest-
neighbor bonds (black bonds). The (111) direction of the bcc lattice is set as the z-direction, so 
spins on the (111) plane form triangular lattice for each layer in the simulation. 
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Fig. S12. 
Atomic structure of B20 MnGe. (a-b) crystal models showing the layered B20 structure with 
alternating sparse and dense layers of Mn and Ge atoms (c) atomic resolution STM image taken 
in the region of Fig. 4 of the main text. (d) Overlay of atomic lattice assignment. Red spots are 
Mn atoms of the Mn-s surface, purple spots are the next layer of Ge-d. 
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Fig. S13. 
(a) AFM image of 200 nm MnGe film. The gray scale represents 10nm in height difference. (b) 
Large scale STM image of 80 nm MnGe film. Dotted circles indicate screw dislocations in the 
film. (c) higher magnification image showing the surface wrapping about a screw dislocation. (d) 
X-ray diffraction of the 80 nm MnGe film. The (111) reflection gives 2.7615 Å, compared to the 
expected bulk value of 2.768 Å (~ 0.2% reduction).  
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Fig. 14. 
Sum/difference SP-STM images corresponding to the raw data in Fig. 2 of the main text. (a) sum 
of images with opposite tip polarizations, confirming no magnetic contrast. (b) difference image 
as in Fig. 2. (c) dI/dV spectra with the tip positioned at bright / dark regions for the tip 
polarization as in Fig. 2c.   
 
